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Bio-fabrication is an emerging area that involves the creation of tissue constructs with a hierarchical
architecture. The essential requirements for fabricating a tissue construct are cells, biomaterial and
bioactive molecules. Biomaterial selection is essential to support cell growth in a 3D microenvironment.
Gelatin methacryloyl (GelMA) is a chemically modified form of gelatin biopolymer and has been
extensively utilized for fabricating 3D tissue-engineered constructs. Photopolymerisation, thermal
gelation or redox reaction are common methods to crosslink GelMA hydrogels. The ability of GelMA to
undergo photopolymerisation is a promising aspect for tissue engineering since it facilitates the
fabrication of dynamically tunable 3D crosslinked structures. As we see rapid advancement in tissue
engineering and regenerative medicine, 3D bioprinting technology has paved the way for the fabrication

Received 16th September 2023, of tissue constructs that can closely mimic the native tissue architecture. This review summarises the
Accepted 13th October 2023 different methods for synthesizing GelMA and GelMA composite hydrogels and discusses their
DOI: 10.1039/d3ma00715d properties and applications in the field of tissue engineering. Further, the review focuses on applying

GelMA hydrogel for fabricating various biomimetic tissues and organ constructs, such as cartilage, bone,
rsc.li/materials-advances cardiac tissue, skeletal muscle, and skin tissue, using a 3D bioprinting approach.
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engineering techniques, damaged tissues such as bones, carti-
lage, skin, and blood vessels can be repaired or replaced.’ An
ideal tissue engineering system consists of three components:
reparative cells, a functional matrix that acts as a scaffold to
help in cell growth, proliferation and support, and bioactive
molecules that support the formation of desired tissue, such as
cytokines and growth factors.” Tissue engineering aims to
overcome limitations of organ transplantation, such as the
shortage of donors and the requirement for immunosuppres-
sive therapy, and reduces the use of xenografts for in vivo
testing by inducing tissue-specific regeneration processes. It
also helps construct in vitro models of healthy tissues or organs,
which can be used to evaluate therapies, screen drugs, and
study the complex mechanism determining disease onset and
progression.? Functional tissues can be developed by two tissue
engineering approaches: the top-down and the bottom-up. In
the top-down approach, a pre-fabricated artificial support
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matrix (a scaffold) is seeded with desired cells to form a tissue
construct.” Although this technique holds many promises, a
significant drawback of this approach is a failure to replicate
native tissue architecture and geometries. Further, in this
technique, it is not feasible to deposit multiple-cell types within
the scaffold with the desired spatial orientation.” The second
approach, the bottom-up approach or 3D bioprinting, is gain-
ing popularity in tissue engineering.® In a bottom-up approach,
cell-laden hydrogel is used to fabricate a tissue construct. Here,
a hydrogel bio-ink and cells are loaded into a bioprinter, and
with the help of computer algorithms, cell-laden hydrogels are
printed in the desired spatial orientation and 3D geometry.”
However, some limitations of this technique include failure to
secrete extracellular matrix by cells, limited cell migration and
inability to form cell-cell junctions. Further, if stem cells are
incorporated into the 3D construct, they may differentiate into
an undesired cell lineage depending on the hydrogel properties
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Table 1 Comparison between top-down and bottom-up approaches in tissue engineering

Properties Top-down approach

Bottom-up approach

Fabrication A predefined scaffold is used for seeding cells that will provide mechanical

method support to the cells.

Cell types  Generally, a single cell type can be seeded to fabricate the tissue construct.
Spatial Generally, cells seeded on top of the scaffold have low penetration. Desired
orientation spatial arrangements of cells are difficult to achieve with this approach.

and external environment.® Hence, the selection of a suitable
hydrogel is essential to overcome these challenges. The com-
parison and differences of the two approaches in tissue engi-
neering are summarized in Table 1.°

1.1. Hydrogels

Hydrogels are polymeric materials derived via crosslinking of
monomer units to form a crosslinked 3D network and have a
good water-holding capacity.'® For tissue engineering applica-
tions, hydrogels are essential in providing an artificial extra-
cellular matrix microenvironment for cells and tissues.
Crosslinking between the polymeric units of the hydrogel
determines the structural integrity and other physical para-
meters of the 3D construct.”* The different crosslinking strate-
gies used for fabricating 3D hydrogel constructs are highlighted
in Fig. 1. Physical parameters such as mechanical properties,
pore size, and gel strength are essential for tissue engineering
applications. The hydrogel must be biocompatible so that the
cells can proliferate and form a tissue construct.'” Hydrogels
used for bioprinting can be made from synthetic or natural
polymers. Further, natural and synthetic-derived polymers can
be blended to fabricate 3D tissue construct with optimized
physio-chemical, biological, and mechanical properties."*"*

1.2. Gelatin methacryloyl (GelMA)

This review focuses on the synthesis, properties, and applica-
tion of gelatin methacryloyl (GelMA) hydrogel for tissue engi-
neering, focusing on 3D bioprinting application. The primary
constituent of GeIMA hydrogel is gelatin. Gelatin is a collagen
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Layer-by-layer deposition of biomaterial with cells
in a desired shape and spatial orientation.
Multiple cell types can be used for fabricating
complex tissue architecture.

Allows spatial arrangement of cells by layer-by-layer
deposition/crosslinking.
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Fig. 1 Schematic representation of different crosslinking strategies for
fabrication of 3D hydrogel construct. The diagram depicts the different
physical crosslinking and chemical crosslinking techniques.

derivative derived from the hydrolysis of collagen, which breaks
the natural triple-helix structure of collagen. Gelatin has been
extensively used in tissue engineering due to its excellent
biocompatibility and thermal gelation to form gels.'”> Gelatin
hydrogel has also been used as a carrier molecule for delivering
drugs and growth factors in tissue engineering.'®'® The
chemical alteration of gelatin to prepare GelMA is carried out
by adding methacrylic anhydride that modifies the lysine and
hydroxyl residues by introducing methacrylamide and metha-
crylate side groups.”® The methacryloyl modification of gelatin
does not affect essential properties like reversible thermal
gelation and RGD (arginine-glycine-aspartic acid) motif
required for cell adhesion.?® GeIMA hydrogel is a hydrophilic
polymer and provides an aqueous environment that supports
cell growth and proliferation. When subjected to UV light, the
chemically modified GelMA with methacryloyl side group
undergoes rapid polymerisation by crosslinking of the metha-
cryloyl backbone, and this is useful for cell encapsulation
and for developing 3D tissue construct.”’ Photoinitiators
like lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP)
and 2-hydroxy-4’-(2-hydroxyethyl)-2-methylpropiophenone
(Irgacure-2959) are generally used for photopolymerisation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The schematic of the synthesis of GelMA synthesis and crosslinking.

and initiate photopolymerisation upon the release of free
radical.”> The mechanical properties and cell viability of cross-
linked GelMA depend upon three critical factors discussed in
the following sections.”® The chemical modification of gelatin
with methacrylic anhydride (MA) to form GelMA polymer and
the crosslinking of GelMA to form 3D hydrogels by photopoly-
merisation is illustrated in Fig. 2.

1.2.1. Effect of GeIMA concentration and matrix stiffness.
The concentration of GelMA determines the extent of cross-
linking between methacryloyl side groups, directly influencing
the gel stiffness (matrix stiffness). With a higher concentration
of GelMA, more methacryloyl side groups are crosslinked,
resulting in a higher degree of crosslinking. In literature,
GelMA concentration used for cell-based studies varies from
around 3-30% w/v. Cell encapsulated in lower concentration
GelMA results in better cell viability due to a decrease in matrix
stiffness.>*>” The degree of crosslinking is further governed by
photoinitiator concentration and light intensity. In a study
performed by Wu et al., a GeIMA hydrogel was prepared with
varying stiffness to understand its influence on neuronal out-
growth by seeding PC12 cells. A range of GelMA concentrations
(5-30% w/v) was selected for seeding PC12 cells, demonstrating
GelMA hydrogel’s biocompatibility. The results showed that as
the GelMA concentration was increased, a significant decrease
in cell adhesion was observed. Higher cell viability, cell spread-
ing and neurite length were observed with a 10% w/v GelMA
concentration with Young’s modulus of 34.90 kPa, which was
found to be optimal for neuron regeneration.® Lin et al
demonstrated the role of stiffness of GeIMA hydrogel matrix
on endothelial differentiation of mesenchymal stem -cells
(MSCs). Different concentration of GelMA (5%, 10% and 15%
w/v) was used to prepare gels with varying stiffness and MSCs

© 2023 The Author(s). Published by the Royal Society of Chemistry

were seeded in GelMA with EGM-2 endothelial cell differentia-
tion media. The differentiation of MSCs to endothelial cells was
observed with softer gels having a matrix stiffness of 25.59 +
2.09 kPa (5% w/v GelMA) or 33.69 £ 1.13 kPa (10% w/v GelMA)
compared to stiffer gels having a matrix stiffness of 41.78 +
1.10 kPa (15% w/v GelMA), which was quantified using differ-
ent molecular techniques and cell surface markers.”® Another
study by M. Costantini et al. GeIMA hydrogels were prepared by
varying polymer concentrations (3, 4, 6 and 8% w/v) to under-
stand the myotube formation of C2C12 myoblast cells within
the polymerized GelMA matrix. The results depicted that at a
lower GelMA concentration (3% w/v and 4% w/v) having an
elastic modulus of 1.19 + 0.12 kPa and 3.20 £ 0.10 kPa
respectively, a large number of myotube formations were
observed, whereas only a smaller number of myotube for-
mation was seen with a higher concentration of GelMA
(6% w/v and 8% w/v) having an elastic modulus of 8.74 +
0.22 kPa and 16.55 + 0.80 kPa respectively.*® Interestingly,
GelMA concentrations and matrix stiffness can be used to
modulate cell adhesion, proliferation, and differentiation. Cell
behaviour and properties are not only dependent on GelMA
concentration but also influenced by the cell types. Generally, a
stiffer GelMA matrix has a negative effect on cell viability,
growth and proliferation. The optimum GelMA concentration
used for various cell studies and bioprinting lies between
5-10% w/v. Lower GelMA concentration below 5% w/v may
not form gels or may form weak gels, which may not be suitable
for tissue engineering application.

1.2.2. Effect of photoinitiator type and concentration.
GelMA hydrogels are photo-polymerised via chain propagation
through free radical-based crosslinking. The free radical is
generated from a photoinitiator molecule upon excitation with

Mater. Adv., 2023, 4, 5496-5529 | 5499
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a particular wavelength of light. The generated radical is then
transferred to the methacryloyl group of GelMA macromers,
forming a covalent linkage between two methacryloyl side
groups.’’ Free radical generation from different photoinitiators
depends on specific wavelength light irradiation. The selection
of photoinitiators is critical for efficient photo-polymerisation.
A photoinitiator should have a broad excitation spectrum and
high efficiency to generate free radicals. Based on the free
radical generations mechanism, photoinitiator systems are
classified into type I and type IL.>' Type I photoinitiators consist
of peroxides, per-esters, iminosulphones, or ketones groups
that are cleaved to generate free radical molecules upon excita-
tion with a specific wavelength of light and help in chain
propagation during photopolymerisation. Type II photoinitia-
tor system consists of a photosensitiser (initiator) and a co-
initiator molecule that is generally excited using a visible light
spectrum. The photosensitizer reacts with the co-initiator on
light irradiation to release free radicals by donating or accept-
ing an electron from a co-initiator molecule. Light irradiation
generally releases a cationic radical from the photosensitiser
and an anionic radical from the co-initiator. Alternatively, it
may also result in an anionic radical from the photosensitiser
and a cationic radical from the co-initiator.** The photopoly-
merisation process is slower with type II photoinitiator than
with type I photoinitiator due to the back electron transfer
process between the photosensitiser and co-initiator, oxygen
inhibition and interaction with solvent or biomolecules.** Two-
photon polymerization is another method for polymerizing
hydrogels based on non-linear optical processes that rely on
the photopolymer’s simultaneous absorption of two photons.
Two-photon photopolymerisation photinitiators are required to

View Article Online
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have a high two-photon absorption coefficient and are generally
irradiated with an infrared light laser source. The photoinitia-
tor in a two-photon system is characterised by © - bonding with
a strong donor-acceptor group. Upon absorption of two
photons by a photoinitiator, an electron is transferred from
the donor-acceptor group to m - bonded group. Further, a
transfer of electrons takes place between the photoinitiator
and monomer, generating a radical that can initiate
photopolymerisation.®® The mechanism by which different
types of photoinitiator undergoes bond dissociation to facil-
itate photopolymerisation is illustrated in Fig. 3. The most
commonly used photoinitiators for photopolymerisation are
summarised in Table 2.

A significant limitation of free-radical-mediated photopoly-
merisation is the presence of oxygen within the hydrogel
system. The free radical binds to free oxygen molecules to form
oxide derivates, thus reducing photopolymerisation kinetics.””
Hence, it is suggested that photopolymizable hydrogels be
degassed and photopolymerised under a reduced oxygen
environment. Type I photoinitiators are preferred over type II
because they form free radicals efficiently. One of the most
common type I photoinitiators, which shows low toxicity for
tissue engineering applications, is 1-4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propanone, known as Irgacure
2959 (12959). Irgacure 2959 releases free radicals upon excita-
tion with UV light of wavelength 365 nm.>® One of the sig-
nificant drawbacks of the Irgacure photocuring system is the
use of UV light to generate free radicals. Exposure to UV light
can cause oxidative DNA damage by reacting with oxygen to
produce reactive oxygen species (ROS), leading to mutagenicity
and cell death.”® Several other visible light photoinitiator
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Fig. 3 Types of photoinitiator systems and their mechanism of free radical generation. Reproduced from ref. 35 with permission from De Gruyter,

copyright (2014)
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Table 2 Summary of photoinitiator used in photo-polymerisation
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Type I
Photoinitiator Irradiation wavelength Photoinitiator concentration Properties Ref.
Irgacure 2959 UV, 365 nm 0.05-0.7% w/v Low cytotoxicity, Low water solubility. 36-39
LAP Visible, 405 nm 0.05-0.5% w/v Water soluble, non-cytotoxic 39-42
VA-086 UV, 365-385 nm 0.5-1.5% w/v Water soluble, non-cytotoxic 43-45
Type I
Irradiation ~ Photoinitiator
Photoinitiator system wavelength  concentration Properties Ref.
Initiator: Eosin Y Co-initiator: triethanolamine (TEOA) and a  Visible, 400- 0.005-0.1 mM Highly water-soluble, wide irradiation 46-49
comonomer: 1-vinyl-2 pyrrolidinone (NVP) 800 nm wavelength, non-cytotoxic
Initiator: camphorquinone co-initiator: tertiary amines (e.g. Visible, 400- 150-600 mM Wide irradiation wavelength, low water 50-52
ethyl-4-dimethylaminobenzoate (EDAB)), heteroaromatic thiols 500 nm solubility.
(imidazole, oxazole, and thiazole derivatives)
Two-photon polymerization
Irradiation Photoinitiator
Photoinitiator wavelength concentration Properties References
Distyrylbenzene chromophore (WSPI) Laser, 800 nm  0.5-4% w/v Focal point polymerisation with high resolution, = 53-55
good water solubility, non-cytotoxic
Benzylidenecycloketones (G2CK and P2CK) Laser, 800 nm  1.827 mM Focal point polymerisation with high resolution, 53 and 56

systems have been researched for photopolymerisation to over-
come the negative effect of UV photocrosslinking. Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) is a type I
photoinitiator that behaves similarly to Irgacure 2959 by gen-
erating free radicals through bond cleavage upon excitation
with visible light of wavelength 405 nm.*° In a study by Xu et al.,
photocrosslinking of GelMA was performed with two photo-
initiators Irgacure 2959 and LAP, to understand the cell viabi-
lity, physical properties and structural fidelity in a 3D
bioprinted cellular GeIMA construct. It was observed that cell
viability decreases with an increase in photoinitiator concen-
tration and printing time. Reduced cell viability was observed
with increased Irgacure 2959 concentration (0.3% w/v to
0.9% w/v) than with LAP concentration (0.3% w/v to 0.9% w/v).
The physical properties of photopolymerised GeIMA cured with
Irgacure 2959 showed larger pore size, faster degradation rate
and higher swelling ratio when compared to LAP.®" In a study
performed by Khoon et al., GeIMA photopolymerisation was
performed using a new photoinitiator system containing ruthe-
nium (Ru) and sodium persulphate (SPS) crosslinked under a
visible light wavelength range of 400-450 nm. Upon excitation,
Ru>* oxidises to Ru®** and donates an electron to SPS, which
undergoes dissociation into sulphate ions and sulphate radical
that facilitates polymer crosslinking. The photocrosslinking of
the Ru/SPS system was compared with Irgacure 2959 and LAP
photoinitiators. The Ru/SPS system showed mechanical and
physiochemical properties similar to gels crosslinked with
Irgacure 2959 or LAP. However, better cell viability and cellular
metabolic activity were observed with the Ru/SPS system com-
pared to gel crosslinked with Irgacure 2959 or LAP.>' Photo
absorbers have also been explored to improve photopolymer-
ization by visible light irradiation. In a study by Gugulothu and
Chatterjee, 4D bioprinting was explored with GelMA and

© 2023 The Author(s). Published by the Royal Society of Chemistry

good water solubility, non-cytotoxic

poly(ethylene glycol)dimethacrylate (PEGDM) bioink using
DLP bioprinter which changes the shape upon hydration of
the printed construct. A bioink formulation with 2.5% w/v
PEGDM, 12.5% w/v GelMA, 0.2% w/v LAP and 1 mM tartrazine
(used as photoabsorber) was bioprinted at 405 nm irradiation.
The shape-changing kinetics of the 3D construct on hydration
was studied by bioprinting rectangular flat sheets having
different thicknesses. It was observed that shape change was
faster in 0.6 mm sheets (5 min) compared to that of 1.2 mm
sheets (15 min).*> The mentioned studies here highlight the
importance of the choice of photoinitiator system and concen-
tration and the influences of these parameters on cell viability,
mechanical properties and degradation, which are essential
considerations for fabricating tissue constructs.

1.2.3. Light intensity. Light intensity is an important factor
determining the photopolymerisable system’s reaction
kinetics. With increased light intensity, a faster crosslinking
occurs by releasing more free radicals from the photoinitiator
for the photopolymerisation reaction.®® Generally, the UV light
intensities for photocuring of GelMA ranges from 0.01-
100 mW cm ™ 2.°*% In a study performed by Luu et al., using
(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) as a photoini-
tiator, the effect of UV light intensity on photopolymerisation of
2-hydroxyethyl methacrylate (HEMA) was evaluated, and
Raman spectroscopy quantified the conversion yield (degree
of crosslinking) and polymerisation rate. The range of UV light
intensity (0.01-3 mW cm %) was studied to see the effect of free-
radical polymerisation and chain termination pathways. The
degree of crosslinking was the same with all the light inten-
sities from 0.01-3 mW cm ™2, but the polymerization rate was
higher with 1-3 mW cm™> light intensity (0.030 s
that reduced significantly with light intensities lower than
0.1 mW cm > (0.015-0.01 s ').°® In another study by

Mater. Adv.,, 2023, 4, 5496-5529 | 5501
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He et al., they formulated a photopolymerisable hydrogel using
poly(methacrylic acid) (PMAA) crosslinked with tri (ethylene
glycol) methacrylate (TEGMA) in an Irgacure 651 - based free
radical photopolymerisation technique. The effect of different
ranges of UV light intensity (2-24 mW cm™?) on the photo-
polymerisation reaction kinetics of the gel as well as physical
and rheological properties, were studied. The hydrogel cross-
linked with higher-intensity UV light showed faster poly-
merisation kinetics and a higher swelling ratio. However, the
gel conversion percentage significantly decreased (99% to 61%)
from lower to higher light intensity due to faster chain termi-
nation with higher-intensity light. Higher light intensity results
in a faster and higher generation of free radicals, leading to
intramolecular cyclisation that forms microparticle islands
rather than macrogels. With low light intensity, fewer free
radicals are generated, leading to lower reaction kinetics, which
results in the formation of macrogel rather than microgels
clusters and a higher macrogel conversion rate. The degree of
macrogel formation is higher with low light intensity than with
high light intensity, which forms microgels.®” In another study
by O’Connell et al., GeIMA hydrogel photopolymerization was
done using Irgacure 2959 photoinitiator at 0.5% w/v concen-
tration with different light intensities ranging from 2-
150 mW cm 2. The generation of free radicals was dependent
on the light intensity, with the highest number of free radical
generation at 150 mW cm > (7.0 x 10'® free radicals) and the
lowest number of free radical generation at 2 mW cm >
Similarly, the GelMA crosslinking rate increased with higher
intensity light 150 mW em™ having peak crosslinking at

pH adjusted to 7.4 with 1N HCI
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20 seconds, whereas lower intensity light 2 mW c¢cm™> had a
peak crosslinking at 100 seconds.>®

For the development of a 3D tissue model, it is essential to
optimise all the factors mentioned, as each has a negative effect
on cell viability with increased levels. With increased photo-
initiator concentration and UV intensity, a large influx of free
radicals takes place, impacting cell viability negatively. In a
study by Shie et al., cell proliferation decreased with increasing
concentrations of GelMA (5%, 10% and 15% w/v) due to lower
cell adhesion with the substrate.’® Similarly, a study by Wu
et al. depicted that the cell spreading is also hampered due to
the gel’s stiffness, which does not allow the actin and myosin
filaments to configure freely through the matrix.®® Hence,
achieving an optimal concentration of all three factors is
essential to develop various tissue constructs. The optimal
concentration of GelMA and other parameters will aid the
growth and development of 3D tissue models.

2. Synthesis of GelMA

GelMA fabrication was first described by Van Den Bulcke et al.,
which is considered the conventional method for GelMA synth-
esis. Briefly, methacrylic anhydride (MA) is reacted with gelatin
amino groups, resulting in grafting of MA methacryloyl groups
(methacrylamide, methacrylate groups) on gelatin amino
groups (lysine and hydroxyl lysine) forming methacrylamide
modified gelatin/gelatin methacrylate. The conventional
method of GelMA synthesis is a two-step process. Gelatin is
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dissolved in phosphate buffer saline (pH 7.5) at 50 °C, and MA
is added to the gelatin solution. After 1 hour of reaction, the
mixed solution is diluted 5 folds to stop the reaction. The
mixture is dialysed against distilled water at 40 °C for 5 to 7
days to remove unreacted MA and lyophilised to obtain GelMA
in powder form. GelMA hydrogel is prepared in the subsequent
step by UV photocrosslinking of derivatised gelatin in the
presence of a photoinitiator. Irgacure 2959 and LAP are the
two commonly used water-soluble photoinitiators. Irgacure
2959 can be initiated from 276 nm to a maximum of 365 nm,
whereas LAP gets initiated at 370-405 nm.”° Studies have
reported that LAP is more suitable for biological applications
due to the low initiation frequency and crosslinking time,
making it lower cell toxicity.>* Fig. 4 depicts the method and
steps for synthesizing GeIMA polymer.

2.1 Buffer system

The degree of substitution (DS) is a significant parameter for
controlling all the properties of GelMA, including its mechan-
ical properties. The GelMA DS is a function of gelatin and
methacrylic anhydride (MA) concentration used. Hydrogel with
specific DS can be obtained by fine-tuning the gelatin:MA
ratio.”"”* Studies have been carried out to develop methods
for synthesising GeIMA with high DS. The conventional method
of GelMA synthesis using PBS (pH 7.4) as solvent requires a
higher MA concentration to obtain GelMA with high DS. The
use of high MA concentration may lead to toxicity of cells if MA
is not completely eliminated during the dialysis process. Sev-
eral studies have been carried out to study the effect of different
buffer systems on GelMA DS. Lee et al. investigated the effect of
different buffer, pH and MA concentrations on GeIMA DS. They
synthesised GelMA in both PBS (pH 7.8) and carbonate bicar-
bonate buffer (CB buffer pH 9). GeIMA synthesised by sequen-
tial addition of MA in PBS and CB buffer resulted in a drop in
pH below the isoelectric point (IEP) 7-9 of type A gelatin. For
maintaining the pH of the reaction mixture above the IEP of
gelatin, they proposed a new sequential MA addition method by
readjusting the pH of the gelatin solution to the optimal pH of
the buffer system every 30 minutes. By sequential addition of
MA with pH adjustment, they were able to produce GelMA with
DS of 80% and 97% in PBS and CB systems. The study also
indicates the effect of MA concentration on the DS of GelMA.
GelMA in PBS requires a higher MA feed ratio (0.6 mI-2 ml g~*
of gelatin) to obtain DS of around 80-90%, whereas GelMA
prepared in CB buffer with an MA feed ratio of 0.1 ml g~ of
gelatin resulted in nearly 100% DS. The proposed method is
efficient in synthesising GelMA with high DS by significantly
decreasing the MA molar ratio to 2.2-folds from 10-32 folds for
the conventional method using PBS. This enables specific
control of mechanical properties to obtain soft and stiff hydro-
gel using GelMA with different degrees of substitution.”® In
another study, Lee et al. synthesised GelMA using both type A
and type B gelatin in CB buffer by following the same method.
They studied the mechanical properties and printability of
GelMA hydrogel for 3D bioprinting applications. GeIMA hydro-
gel was prepared by UV crosslinking with Irgacure 2959 as the
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photoinitiator. GeIMA produced using type B gelatin resulted in
the highest DS at a lower MA feed ratio of 0.1 mg g~ " of gelatin
compared to type A gelatin. The higher DS of type B GelMA is
attributed to many free amino groups reacting with MA at pH 9,
which results in a higher degree of substitution. In their study,
type A and type B GelMA at 20% w/v concentration showed good
shear thinning properties.”* The major drawback with GelMA
synthesis by sequential MA addition is that it requires physical
pH adjustment before each MA addition, which is laborious. To
overcome this issue, Shirahama et al. proposed a facile one-pot
method for GelMA synthesis, which requires only initial pH
adjustment. The study was based on the inference from
their previous study that CB buffer with a pH adjustment
of pH 9 enables the synthesis of GelMA with higher DS
(=97%) as compared to the conventional method using PBS.
They also studied the effect of different reaction parameters,
such as molarity and pH of CB buffer, for the controlled
synthesis of GelMA. Using 0.25 M CB buffer with an initial
pH adjustment of pH 9, which is higher than the IEP of type A
gelatin, resulted in the synthesis of GelMA with nearly complete
DS (=95%).”°

2.2 Determination of degree of substitution (DS) or degree of
functionalization (DoF)

The degree of substitution (DS) of GelMA hydrogels directly
affects the GelMA physical properties such as porosity, swelling
and degradation, and mechanical stiffness. The general DS of
GelMA ranges from 30-100%.>"7"7%77 The degree of substitu-
tion (DS) of the synthesised GelMA is determined by "H NMR
method by spectral peak integration corresponding to the
methacrylic functional group and compared with unmodified
gelatin and calculated as the moles of the methacrylic group
per gram of proteins.”® One drawback of quantifying DS with
'"H NMR technique is that the precise amine content in the
GelMA should be known. Hence, along with "H NMR techni-
que, researchers have also performed a colourimetric method
for quantifying amine content in GelMA hydrogel. Shirahama
et al. used 2,4,6-trinitrobenzene-sulfonic acid (TNBS) assay to
determine DS in GelMA prepared in different buffer systems
and gelatin concentration and the amino group concentration
were determined by plotting a standard glycine curve.””
Zatorski et al., reported another colorimetric assay known as
the Ninhydrin assay for the quantification of DS in GelMA
hydrogel. The Ninhydrin assay is used to determine the free
amine group present in a solution after the conjugation reac-
tion, and the DS is calculated by subtracting the fraction of
unreacted amine groups available in the solution after the
methacrylation reaction. The fraction of the unreacted amine
group is determined from a standard calibration curve pre-
pared from dissolving unmodified gelatin in PBS at different
concentrations (0-10 mg ml'). The colourimetric study
was done by adding Ninhydrin solution (2.2 mg ml™") to
the samples in a ratio of 1:8 v/v and incubating at 70 °C
for 20-30 minutes, after which the absorbance was measured at
570 nm.”’
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